1. Various physiological mechanisms contribute to feed efficiency (FE) in chickens. Blood 26 metabolite profiles may correlate to the animal's FE, but have rarely been evaluated in 27 chickens. The objective of this study was to investigate differences in growth performance, 28 serum intermediary metabolites, acute-phase-proteins and white blood cells in low, medium 29 and high residual feed intake (RFI) chickens. It was also assessed if the environment affects 30 the FE and FE-related performance and serum profiles of chickens. 31 2. Individual BW and feed intake (FI) were recorded from d 7 of life. At 5 weeks of age, 32 female and male chickens (Cobb 500) were selected according to their RFI (L1: Austria; L2: 33 UK; n = 9/RFI group, sex and location) and blood was collected. 34 3. Chickens at L1 had similar FI but a 15%-higher (P < 0.001) BW gain compared to chickens 35 at L2. The RFI values of female chickens were -231, 8 and 215 g and those of male chickens -36 197, 0 and 267 g for low, medium and high RFI, respectively (P < 0.001). 37 4. Location affected serum glucose, urea, cholesterol, NEFA and ovotransferrin in females, 38 and serum glucose and triglycerides in male chickens (P < 0.05). Serum uric acid and NEFA 39 linearly increased from low to high RFI in females, whereas in males cholesterol showed the 40 same linear response from low to high RFI (P < 0.05). Serum alpha-1-acid glycoprotein and 41 blood heterophil-to-lymphocyte ratio linearly increased by 35 and 68%, respectively, from 42 low to high RFI but only in male chickens at L1 (P < 0.05). 43 5. Regression analysis showed positive relationships between RFI and serum uric acid (R 2 = 44 0.49; P < 0.001) and cholesterol (R 2 = 0.13; P < 0.001). 45 6. We conclude that RFI-related variation in serum metabolites of chickens was largely 46 similar for the two environments and that serum metabolite patterns could be used to predict 47 Key words: acute phase response, broilers, feed-efficiency predictor, residual feed intake, 50 serum metabolites 51 production. Improved FE is often associated with reduced feed intake (FI) (Bottje and 54 Carstens, 2009). As it is a heritable trait and is independent of production traits, the residual 55 feed intake (RFI) has become the metric of choice for studying physiological mechanisms 56 underlying variation in FE of chickens and other livestock species (Herd and Arthur, 2009; 57 Berry and Crowley, 2012). Generally, a chicken population from a commercial breed shows 58 considerable variation in RFI (van Eerden et al., 2004). As knowledge about RFI related 59 physiological mechanisms in poultry and other livestock species advances, the biological 60 basis of inter-animal variations associated with FE becomes clearer (Bottje and Carstens, 61 2009; Aggrey et al., 2014; Lee et al. 2015; Mignon-Grasteau et al., 2015; Zhuo et al., 2015).
RFI in chickens.
48 Introduction 52 Improving feed efficiency (FE) is a continuing goal since feed is the major cost in chicken RBG (g) = TBWG -(a2 + b3 × MMW + b4 × TFI), 155 where a2 is the intercept and b3 and b4 are partial regression coefficients of MMW and TFI on 156 TBWG, respectively. alpha-1-acid glycoprotein (AGP; Genway Biotech Inc., San Diego, CA, US) in serum 207 according to the manufacturers' instructions. Samples were diluted 2 to 5-fold for both assays 208 depending on the individual sample concentration. The intra-and interassay variability for the 209 OVT and AGP kits were less than 10%, respectively, and the detection limit was 0.039 ng/ml 210 and 3.125 ng/ml. All serum parameters were analyzed together at L1.
212
Statistical analysis 213 Feed efficiency, FI, growth performance and serum parameters from the selected low, 214 medium and high RFI chickens (location 1: n = 9 low, medium and high RFI female and male 215 chickens; location 2: n = 6 low RFI, n = 11 medium RFI and n = 8 high RFI females, and n = 216 10 low RFI, n = 9 medium RFI and n = 9 high RFI males) were first analysed for normality 217 using Shapiro-Wilk test with the PROC UNIVARIATE in SAS. The Cook's distance (Cook's 218 D) test was used to determine any influential observation on the model. Parameters of 219 individual RFI, performance, and serum metabolites, APPs and white blood cells were 220 analysed by ANOVA using the PROC MIXED in SAS. Two models were run. The first 221 accounted for the fixed effects of sex, batch, location and RFI. Because chickens were 222 sacrificed at different days of life and in order to consider that chickens were consecutively 223 sampled, the first model included the random effect of chicken nested within day of life and 224 chicken order at sacrifice. The effects of bird age and BW at 7 days of life were also 225 separately tested as covariates in the model. As both covariate effects showed no significant 226 influence on any response variable evaluated, these covariates were removed from the final 227 model and not accounted for in the further analyses. However, sex and batch as fixed effects 228 were found to be significant for many parameters. Therefore, data of female and male 229 chickens were analysed separately using a second model which was fitted to take into account 230 the fixed effects of RFI and location and their two-way-interaction. The random effect 231 considered the chicken nested within batch, day of life and chicken order at sacrifice. Since white blood cell counts were only determined at L1, only the fixed effect of RFI was 233 considered. Moreover, in the second model, orthogonal polynomial contrast statement was 234 used to evaluate linear relationships. Degrees of freedom were approximated by the method of 235 Kenward-Roger. Least squares means were computed and significance declared at P ≤ 0.05.
236
A trend was considered at 0.05 < P ≤ 0.10.
237
In order to investigate whether sex-independent relationships between chicken's 238 individual RFI and serum metabolites existed linear discriminate analysis (LDA) and 239 regression analysis were applied. The LDA was performed using JMP10 software (SAS Stat 
Results

252
Chicken performance and feed efficiency 253 Sex did not affect BW on d 7 of life, whereas male chickens weighed approximately 300 g 254 more on d 36 of life than females (P < 0.001; Table 1 and 2). Similarly, TFI and TBWG were 255 higher (P < 0.001) in males compared to females. Location affected BW on d 7 and 36 of life.
256
While female and male chickens weighed about 10 g more on d 7 of life at L2 compared to 257 L1, they gained about 350 to 400 g less by d 36 at L2 compared to L1 (P < 0.001). In contrast, TFI between d 7 and 36 of life was not influenced by location. Likewise, location did not 259 affect the FE metrics RFI, RBG and RIG; providing similar values for female and male 260 chickens of the same RFI group, whereas FCR was about 12 % lower (P < 0.001) in chickens 261 of L1 compared to chickens of L2.
262
The RFI ranged on average from -231 to 215 g in females and from -197 to 267 g in males 263 representing a difference of 330 and 500 g TFI between most and least efficient female and 264 male chickens (P < 0.001; Table 1 and 2). Body weight at d 36 and TBWG were similar 265 among chickens of diverging RFI. Likewise, the RBG of the selected chickens was similar 266 among the three RFI groups, whereas the RIG linearly decreased in the same range observed 267 for the increase in RFI from low to high RFI chickens, irrespective of sex. The FCR linearly 268 increased from low to high RFI by on average 13% (P < 0.001). There was a sex effect and 269 location effect for FCR showing a 0.06 g/g-lower FCR in males compared to females as well 270 as a 0.19 g/g lower FCR in chickens at L1 compared to chickens at L2 (P < 0.001).
271
At sacrifice, male chickens at both locations had similar BW across locations (3.03 and 272 3.02  0.062 kg at L1 and L2, respectively; P = 0.859) and RFI groups (3.04, 2.96 and 3.08  273 0.076 kg for low, medium and high RFI, respectively; P = 0.535). By contrast, BW in female 274 chickens at sacrifice differed across locations with females at L1 weighing about 270 g more 275 than females at L2 (2.85 versus 2.58  0.063 kg at L1 versus L2, respectively; P = 0.001), but 276 their BW was not different among RFI groups (2.72, 2.71 and 2.73  0.065 for low, medium 277 and high RFI, respectively; P = 0.974).
279
Serum metabolite profiles and acute phase proteins 280 Results for serum metabolite profiles and acute-phase-proteins examined for female and male 281 chickens are presented in Table 3 and 4, respectively. There was a location effect for serum 282 OVT in females showing that chickens at L1 had a 2-fold higher serum OVT concentration 283 than that of chickens at L2 (P < 0.05). Moreover, we observed a linear increase (P < 0.05) in serum AGP from low to high RFI in male chickens at L1 but not at L2. Sex affected (P < 285 0.05) serum NEFA concentrations which were higher in males. Female chickens at L1 had a 286 lower serum glucose and NEFA and higher serum urea and cholesterol than females at L2 (P 287 < 0.05). In males, serum glucose and triglycerides were lower at L1 compared to L2 (P < 288 0.01). Despite differences in actual serum concentrations, FE-effects for glucose, uric acid 289 and cholesterol among RFI groups were similar at both locations in females. There was a 290 linear increase in serum uric acid (P < 0.05), and a tendency for a linear increase in serum 291 cholesterol and triglycerides (P < 0.1) from low to high RFI in female chickens. Serum NEFA 292 showed a FE × location effect (P < 0.01) by increasing by 57% from low to high RFI at L2 293 but not in females at L1. Similar to the females, serum cholesterol linearly increased (P < 294 0.05) and triglycerides tended (P < 0.1) to increase by about 17 and 31% from low to high 295 RFI in male chickens, respectively.
297
White blood cell counts 298 White blood cell counts were only determined at L1 (Table 5 ). Females and males differed in 299 their white blood cell counts with females having more lymphocytes but less monocytes and 300 heterophils than males (P < 0.05). In females, FE tended to affect only monocyte counts with 301 chickens of low RFI having less monocytes than chickens of medium and high RFI. In males, 302 lymphocyte counts linearly decreased (P = 0.012) from low to high RFI, whereas heterophils 303 linearly increased from low to high RFI (P = 0.031). Because of this, there was a linear (P = 304 0.027) increase in the H-to-L ratio of 68% from low to high RFI in males.
306
Multivariate and regression analysis 307 The LDA plot of RFI groups and serum metabolites showed separate clustering for serum 308 metabolites for low and high RFI, whereas the 95% confidence intervals of medium RFI 309 overlapped with those of low and high RFI ( Figure 1A ). Serum glucose discriminated best for low RFI, whereas serum triglycerides, uric acid and cholesterol correlated with high RFI.
between RFI and serum uric acid and cholesterol, suggesting them as predictors for RFI in the 337 current chicken populations irrespective of sex and location. Despite these relationships and 338 clear clustering between low and high RFI in the LDA plots, the actual concentrations of 339 serum metabolites were location-specific which may render it difficult to predict universal 340 serum threshold values for low, medium and high RFI chickens. Moreover, as present 341 relationships between RFI and serum cholesterol and uric acid were weak to moderate, it may 342 be advisable to use serum metabolite patterns rather than individual metabolites to predict the 343 RFI in chickens.
344
Chicken RFI values were similar across locations, but it should be considered that 345 chicken's RFI values were determined two-days apart. The RFI is phenotypically independent 346 of BW and level of production (e.g., ADG; Bottje and Carstens, 2009), and may have 347 therefore remained similar across locations in the current study despite differences in TBWG 348 and ADG. Similar observations were made for RBG and the combined metric RIG of the 349 selected chickens. Inconsistent findings exist in the literature for RFI-related differences in 350 BW and BW gain in low and high RFI chickens (van Eerden et al., 2004; Zhuo et al., 2015) .
351
Irrespective of location, chickens of diverging RFI could not be distinguished based on their 352 BW or TBWG. In contrast to some studies with short measurement periods of only one week 353 (e.g., Zhuo et al., 2015) , we determined the FE over a period of 29 and 31 days at L1 and L2, 354 respectively. It is highly likely that this improved the accuracy of RFI prediction in the 355 present study as we observed slight differences in the FE and grouping of chickens according 356 to their RFI when assessed only on a weekly basis. Differences in TFI between low and high 357 RFI chickens were considerable and were already present at 21 days of life (Supplemental 358   Table 1 ). Notably, irrespective of the two-day difference in selection for RFI, location effects 359 were distinguishable when using the ratio metric FCR. This leads to the assumption that the 360 FCR may more accurately predict FE-related differences in growth performance among chicken flocks, whereas the RFI may be the FE metric of choice to equally rank chickens 362 independent from the environment.
363
The present environmental effects clearly suggest that physiological differences between 364 low and high RFI chickens may largely vary between farms due to environment-specific water and diet) than by the normal chicken gut microbiota (Stanley et al., 2013; Ludvigsen et al., 2016) . Because current chickens came from different hatcheries, the early microbial 388 colonization may have been one of the most influential factors for the variation between both 389 locations. This would be supported by different RFI-associated bacterial microbiome profiles 390 in chickens between the two locations at 6 weeks of life (Siegerstetter et al., 2016) . Moreover, (Kelly et al., 2010; Le Naou et al., 2012; Montagne et al., 2014; Zhuo et al., 2015) . Each RFI group represents n = 9 female chickens at location 1; n = 6 low RFI, n = 11 medium RFI and n = 8 high RFI females at location 2. 
611
a-c Least squares means within a row without a common lowercase superscript differ among RFI groups (P < 0.05).
A,B
Least squares means within a row without a common uppercase superscript tend to differ among RFI groups (P < 0.1).
613
x,y Least squares means within a column without a common lowercase superscript differ between locations (P < 0.05). Each RFI group represents n = 9 male chickens at location 1; n = 10 low RFI, n = 9 medium RFI and n = 9 high RFI males at location 2. Each RFI group represents n = 9 female chickens at location 1; n = 6 low RFI, n = 11 medium RFI and n = 8 high RFI females at location 2. 
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A,B
633
x,y
Least squares means within a column without a common lowercase superscript differ between locations (P < 0.05).
634
X,Y Least squares means within a column without a common uppercase superscript tend to differ between locations (P < 0.1). Each RFI group represents n = 9 male chickens at location 1; n = 10 low RFI, n = 9 medium RFI, and n = 9 high RFI males at location 2. 
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645
X,Y Least squares means within a column without a common uppercase superscript tend to differ between locations (P < 0.1). Each RFI group represents n = 9 female and male chickens at location 1; n = 6 low RFI, n = 11 medium RFI, and n = 8 high RFI females as well as n = 10 low RFI, n = 9 28 medium RFI, and n = 9 high RFI males at location 2. 
Figure captions
31
32
33
x,y Least squares means within a column without a common lowercase superscript differ between locations (P < 0.05).
Relationship analysis 36
Single nucleotide polymorphism genotypes were used to examine the genetic relationship 37 of all birds within and between each population received. In order to achieve the genetic Athens, GA, USA). Supplemental Table 2 lists the relationship statistic per population.
41
These data indicate that there is very little genetic relationship between any two birds 42 within replicate batch 1 and replicate batch 2 from the location 1. In replicate batch 3 at 43 location 1, two birds appeared to be half-sibs (relationship of 0.25). Similarly, the replicate 44 batch 1 from location 2 appeared to contain two birds that are half-sibs (relationship of 0.20).
45
The overall relationships within and between populations has been plotted and is illustrated in 
